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ABSTRACT: Phytase activity was recently described in probiotic bifidobacterial strains, opening the possibilities for their use in
foods, due to the generally regarded as safe/qualified presumption of safety status of these bacteria. Two raw materials for infant
cereals (multicereal and gluten-free) were examined by measuring the myo-inositol phosphates content and the in vitro Ca, Fe,
and Zn availability after a dephytinization process with purified phytases from Bif idobacterium longum spp. infantis and
Bif idobacterium pseudocatenulatum. Treatment with both enzymes reduced the contents of phytate as compared to control
samples (untreated or treated with fungal phytase) and led to increased levels of myo-inositol triphosphate. Dephytinization
followed by an in vitro model of intestinal digestion increased the solubility of Zn. However, phytase treatment did not increase
significantly the mineral dialyzability as compared to untreated samples. This is the first example of the application of purified
bifidobacterial phytases in food processing and shows the potential of these enzymes to be used in products for human
consumption.
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■ INTRODUCTION

Phytate (myo-inositol hexakisphosphate or InsP6) is a common
constituent of plant foods such as cereals, oilseeds, legumes, or
nuts, as well as roots, tubers, fruits, and vegetables. Many
investigations have demonstrated that a diet rich in phytates
may cause deficiencies in minerals, due to the formation of
insoluble chelates.1−5 The risk of these deficiencies is important
mainly in animal nutrition or vulnerable population groups
such as child-bearing women, strict vegetarians, inhabitants of
developing countries, and also babies in the first years of life.6,7

Studies in humans indicate that the absorption of iron,2,8,9

calcium,4,9 and zinc4,10,11 from a meal could be impaired due to
its phytate content, as it forms insoluble complexes with these
minerals, thus compromising the health status of individuals.3,12

This can be problematic in children from the fifth month of life
onward. In this period, milk feeding is supplemented with other
foods, such as cereals in the form of flours,13 where mineral
bioavailability is usually low because of the presence of
phytates.14 This problem worsens in developing countries,
where infant cereals are in some cases taken after resuspension
in water, instead of milk, with the concomitant reduction in
minerals intake.8

Phytases are a group of enzymes that sequentially hydrolyze
phytate, increasing the amount of available free phosphorus and
decreasing phytate's affinity for different cations.15 Cereals have
an endogenous phytase; however, the amount of phytate in
many products remains high due to inefficient enzymatic action
in many processes.16,17 The addition of exogenous phytase,
mainly produced by microorganisms, appears to be the best
strategy to effectively reduce InsP6 in food and feed.2,18−20 The
use of phytases from microbial origins (Schizosaccharomyces
pombe, Penicillium funiculosum, Trichoderma reesei, Aspergillus

niger, Aspergillus oryzae, etc.) is currently approved for use in
animal feed with regulations of the European Commision (EC)
Nos. 785/2007, 1141/2007, 891/2010, 327/2010, and 171/
2011 of the European Commission and aims to increase the
availability of phosphorus from phytate, reducing its fecal
excretion to the environment.18 Conversely, although the use of
exogenous phytases in human nutrition is currently not
authorized, commercial phytases have been assayed in cereal
products (bread) and legumes to reduce phytate con-
tent,2,16,17,20−22 and interest exists in the screening of novel
microbial phytases with improved characteristics for their use in
food applications.23 There are few reports dealing with their
applications in infant cereals.7,24 In this food matrix, phytase
treatment generally resulted in enhanced mineral bioavailability,
as reflected by the increased uptake of iron and zinc in
intestinal epithelial (Caco-2) cell models.24

Haros et al.25,26 found phytase activity in specific strains of
the genus Bif idobacterium, suggesting its possible utility in food
processing to significantly reduce the phytate content.
Particularly, Bif idobacterium longum spp. infantis ATCC15697
and Bif idobacterium pseudocatenulatum ATCC27919 showed
unique features in phytate hydrolytic profiles,27 and their
phytases have been recently cloned and characterized.28 These
strains have been used as starter cultures in whole wheat breads
for developing bakery products with low InsP6 content

29,30 and
increased iron accessibility.31 The bifidobacteria are considered
GRAS/QPS (generally regarded as safe/qualified presumption
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of safety) microorganisms, making this a promising strategy to
reduce phytate levels in processed products intended for
human consumption.
The main goal of the present investigation was to determine

the extent to which the phytases isolated from B. longum spp.
infantis and B. pseudocatenulatum modify the myo-inositol
phosphates composition during infant cereals production
[multicereal (MC) and gluten-free (GF)] and their effects on
the solubility and dialyzability of minerals.

■ MATERIALS AND METHODS
Materials and Chemicals. The material used in the current

investigation was the staple for preparation of commercial infant
cereals, and it was provided by Hero España S.A. (Alcantarilla, Spain).
Two formulations were studied, MC (containing rice, oat, barley, rye,
maize, millet, sorghum, and wheat) and GF cereals (containing rice,
maize, and tapioca).
Digestive enzymes and bile salts were supplied by Sigma-Aldrich

(St. Louis, MO): pepsin (porcine, catalogue no. P-7000), pancreatin
(porcine, catalogue no. P-1750), and bile extract (porcine, catalogue
no. B-8756). The enzymes solutions used for the in vitro simulation of
digestion in infants were prepared according to Frontela et al.14 All
other chemicals were of the analytical grade commercially available.
Commercial fungal phytase was from A. oryzae (EC 3.1.3.26, Stern-
Enzym GmbH & Co. KG, Ahrensburg, Germany).
Purification of Bifidobacterial Phytases. The bifidobacterial

phytases were expressed as 6xHis-tagged proteins in Escherichia coli
and purified as described.28 Briefly, E. coli M15 clones carrying the
expression vectors were grown in 1 L of LB medium with 100 μg
ampicillin per mL at 37 °C, and induction was started by addition of
isopropyl-β-D-thiogalactopyranoside to 0.1 mM when the cultures
reached an OD550 nm of 0.4. Growth continued for 4 h at 30 °C, and
the bacterial cells were recovered by centrifugation, washed with 0.9%
NaCl, and resuspended in 100 mM Tris-HCl buffer, pH 7.4,
supplemented with 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM
dithioerythritol, and 1 mg/mL lysozyme. After 30 min at 37 °C, the
cells were sonicated (five pulses of 20 s) and afterward frozen with
liquid nitrogen. After they were defreezed, the cytoplasmic content was
recovered by centrifugation (17000g, 30 min, 4 °C in a Sorvall SS34
rotor), and the supernatants were filtered through 0.45 μm pore size
filters. The filtered lysates were transferred to 1 mL of Ni-NTA
columns (Qiagen, Valencia, United States) previously equilibrated
with 50 mM Tris-HCl, 10% glycerol, and 50 mM Na2SO4 (buffer A).
After two washing steps with 20 mL of buffer A and 20 mL of buffer A
containing 30 mM imidazole, proteins were eluted with buffer A plus
300 mM imidazole. One milliliter fractions were recovered and
analyzed by sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis (SDS-PAGE) (Figure 1). Fractions containing the expressed
proteins were dialyzed against 100 mM Tris-HCl, pH 7.4, 1 mM
ethylenediaminetetraacetic acid (EDTA), 10% glycerol, and 50 mM
NaCl and stored at −80 °C.
Infant Cereal Process at Laboratory Scale. The usual steps in

the industrial production of infant cereals include cereal mixing,
roasting, α-amylase treatment, drying, and fortification (Figure 2). The
Bif idobacterium phytases (or commercial fungal phytase as positive
control) were included during the dextrinization step together with α-
amylase. The phytase dose utilized was 20-fold that of the endogenous
phytase activity from the cereal mix, measured under the same
conditions (0.95 U/g flour for MC and 0.88 U/g flour for GF).
Samples were processed as follows: first, each infant cereal mix was
roasted in an oven (P-Selecta, model 201, Barcelona, Spain) at 120 °C
for 30 min. Then, 60 g of roasted flour was suspended in 124 mL of
deionized water, and 700 mg per kg of flour of α-amylase (EC. 3.2.1.1,
from human saliva, Sigma Chemical Co., St. Louis, MO) together with
the different phytases were added. The pH was adjusted to 5.5, and the
mixtures were incubated at 55 °C with gentle agitation for 20 min. The
reaction was stopped by heating the slurry at 98 °C for 10 min. The
mixtures were dried at 120 °C in a drying cabinet and milled in a

grinder (Super Junior “S”, 60 g, Ecully Cedex, France) to reduce the
particle size. Finally, infant cereals were fortified with iron [elemental
iron, 0.008% (w/w)] and calcium [dicalcium phosphate, 1.1% (w/w)]
according to manufacturer's recommendations.

Determination of Phytase Activity. The phytase activity was
spectrophotometrically determined by measuring the amount of
liberated inorganic phosphate from potassium phytate (Sigma-Aldrich)
by a colorimetric technique using molybdovanadate32 according to
Haros et al.21,25 One unit (U) was defined as the amount of enzyme

Figure 1. SDS-PAGE analysis of purified phytases from B.
pseudocatenulatum and B. longum spp. infantis. MW, molecular weight
marker; A, uninduced E. coli extracts; B, induced E. coli extracts; and C,
purified 6x(His) enzymes. Numbers are molecular weights in kDa.

Figure 2. Flowsheet of infant cereal preparation at laboratory scale.
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releasing 1 μg of inorganic phosphate per minute at 50 °C and pH 5.5
(100 mM sodium acetate buffer).
Determination of myo-Inositol Phosphates. The initial InsP6

concentration in cereals, the remaining concentration of InsP6 in
processed cereals, and the lower myo-inositol phosphates generated
were measured by high-pressure liquid chromatographic method
described by Türk and Sandberg,20 later modified by Sanz-Penella et
al.22 Identification of the myo-inositol phosphates was achieved by
comparison with standards of phytic acid dipotassium salt (Sigma-
Aldrich). Samples were analyzed in triplicate.
In Vitro Digestion. The solubility and dialysis of iron, calcium, and

zinc in infant cereals were determined by the in vitro method
described by Miller et al.33 with suitable modifications adapted to the
gastrointestinal conditions of infants younger than 6 months.7

Mineral Content of Cereals. The total Fe, Ca, and Zn
concentrations in soluble and dialyzed fractions were determined
using a flame atomic absorption spectrometer.7 For mineral
determination, the glass material was washed with detergent, soaked
in concentrated nitric acid (1.41 g/mL), and rinsed three times with
deionized water before use.

Statistical Analysis. Multiple sample comparison was statistically
analyzed with the Statgraphics Plus 5.0. Fisher's least significance
difference (LSD) test was used to compare means at the 5%
significance level.

■ RESULTS AND DISCUSSION

Degradation of Phytate and Generation of Lower
myo-Inositol Phosphates in Infant Cereals. Because of the
action of the phytase enzymes, InsP6 is sequentially hydrolyzed
to a mixture of myo-inositol phosphates with 5, 4, 3, 2, and 1
phosphate groups in their structures (InsP5, InsP4, InsP3, InsP2,
and InsP1, respectively). The effect of phytase treatment during
infant cereal preparation process on the myo-inositol
phosphates composition is summarized in Tables 1 and 2.
The amounts of phytates found in infant flours were 1.93 and
2.32 μmol/g for GF and MC samples, respectively. During the
infant cereal process, endogenous phytate-degrading enzymes
(phytases and/or unspecific phosphatases) from cereals34,35

were active as denoted by the phytate hydrolysis in control

Table 1. myo-Inositol Phosphates, Mineral Contents, and Molar Ratios between InsP6 and Minerals on MC Samplesa

phytase

parameter units raw material control sample fungal B. longum B. pseudocatenulatum

myo-inositol phosphates
InsP6 μmol/g DM 2.32 d 1.16 c 0.38 b 0.23 ab 0.15 a
InsP5 μmol/g DM 1.77 c 1.41 c 0.87 b 0.65 ab 0.38 a
InsP4 μmol/g DM 0.49 a 1.84 d 1.12 c 0.70 b 0.48 a
InsP3 μmol/g DM 0.15 a 0.77 b 1.54 c 2.39 d 1.80 c
InsP6 + InsP5 μmol/g DM 4.08 d 2.58 c 1.25 b 0.88 ab 0.54 a

minerals
Ca mg/100 g DM ND 171.00 a 201.00 a 189.00 a 205.00 a
Fe mg/100 g DM ND 6.58 a 6.41 a 6.04 a 6.49 a
Zn mg/100 g DM ND 0.61 a 0.74 a 0.61 a 0.88 a

molar ratiosb

InsP6/Ca > 0.24 mol/mol ND 0.02 a 0.01 a 0.00 a 0.00 a
InsP6/Fe > 1 mol/mol ND 0.85 c 0.28 b 0.17 ab 0.11 a
InsP6/Zn > 5 mol/mol ND 6.12 c 2.01 b 1.24 ab 0.82 a
InsP6 × Ca/Zn > 150−200 mol/mol ND 301.41 c 98.95 b 60.40 a 39.92 a

aDM, dry matter; InsP3 to InsP6: myo-inositol containing 3−6 phosphates per inositol residue; ND, not determined. Mean, n = 3, values followed by
the same letter in the same row are not significantly different at the 95% confidence level. bPredictive value of low mineral bioavailability.46−48.

Table 2. myo-Inositol Phosphates, Mineral Contents, and Molar Ratios between InsP6 and Minerals on GF Samplesa

phytase

parameter units raw material control sample fungal B. longum B. pseudocatenulatum

myo-inositol phosphates
InsP6 μmol/g DM 1.93 d 1.10 c 0.61 b 0.27 a 0.16 a
InsP5 μmol/g DM 1.57 e 1.28 d 0.95 c 0.74 b 0.48 a
InsP4 μmol/g DM 0.49 ab 1.28 d 0.66 bc 0.71 c 0.39 a
InsP3 μmol/g DM 0.04 a 0.57 b 0.83 c 1.17 d 0.52 b
InsP6+InsP5 μmol/g DM 3.50 e 2.38 d 1.55 c 1.00 b 0.64 a

minerals
Ca mg/g DM ND 200.00 a 180.00 a 200.00 a 180.00 a
Fe mg/g DM ND 6.20 a 6.32 a 5.74 a 6.75 a
Zn mg/g DM ND 1.15 a 1.20 a 1.18 a 0.94 a

molar ratiosb

InsP6/Ca > 0.24 mol/mol ND 0.02 b 0.01 a 0.01 a 0.00 a
InsP6/Fe > 1 mol/mol ND 0.79 c 0.45 b 0.20 a 0.12 a
InsP6/Zn > 5 mol/mol ND 6.11 c 3.44 b 1.51 a 0.92 a
InsP6 × Ca/Zn > 150−200 mol/mol ND 299.63 c 165.38 b 72.98 a 44.56 a

aDM, dry matter; InsP3 to InsP6: myo-inositol containing 3−6 phosphates per inositol residue; ND, not determined. Mean, n = 3, values followed by
the same letter in the same row are not significantly different at the 95% confidence level. bPredictive value of low mineral bioavailability.46−48.
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samples as compared with the raw materials. The inclusion of
exogenous phytases had an additional and significant reduction
of phytate levels between 68.6 to 93.4%, as compared to
phytate levels in raw materials (Figure 3). The addition of

Bif idobacterium phytases, purified after heterologous expression
in E. coli (Figure 1), resulted in a decrease in the amount of
InsP6 between 7- and 15-fold as compared to its initial
concentration in raw materials and between 5- and 7.7-fold as
compared to untreated control samples. A previous research
studied the effects of fungal phytase addition to different types
of commercial infant cereals slurries.7 In the research reported
here, the whole industrial process was reproduced (Figure 2),
showing that the dephytinization step can be performed
together with the dextrinization step, leading to an efficient
hydrolysis of phytate. The results were compared with cereals
treated with a commercial fungal (A. oryzae) phytase as positive
control, showing that this enzyme was less effective in
hydrolyzing InsP6 than the bifidobacterial enzymes under our
experimental conditions. The lower effect of the fungal phytase
as compared to the bacterial phytases is probably not caused by
differences in their optimal pH, a key factor in phytase activity36

(optimum pH for the phytase from A. oryzae has been reported
to be in the range of 4.5−5.5,37,38 while the optimum pH for
bifidobacterial phytases was 5.5, retaining virtually 100% of the
activity between 5 and 628), because the same units of the
different enzymes, determined at pH 5.5 and 50 °C, were added
during the process. Therefore, the differences in phytate
hydrolysis may rely on the presence of inhibitory substances,
different stabilities, or different activities on specific myo-
inositol phosphates, which may affect enzyme performance in
the cereal slurry. Moreover, the optimal temperature for A.
oryzae phytases is between 40 and 50 °C,37 which is lower than
the temperature applied in the process (55 °C). On the other
hand, the optimum temperature of bacterial phytases is 50 °C

for B. longum spp. infantis and 50−55 °C for B.
pseudocatenulatum, being both extremely specific for phytate.28

The inclusion of phytases also reduced significantly the myo-
inositol pentakisphosphate (InsP5) concentrations as compared
to control samples (Tables 1 and 2). As occurred with InsP6,
phytases from bifidobacteria were more effective than the
fungal phytase in hydrolyzing InsP5. This result could have
important consequences in mineral bioavailability because,
similar to InsP6, InsP5 also acts as a strong chelator, exerting
negative effects on mineral solubility.30,39 Because of
endogenous and/or exogenous enzymatic activity on InsP6
and InsP5, the concentration of InsP4 and InsP3 were
significantly higher in phytase-treated samples than in raw
materials. Accumulation of InsP3 was higher in samples treated
with the bifidobacterial enzymes (except for B. pseudocatenu-
latum in GF samples), although differences were only
significant for the B. longum spp. infantis phytase. This is in
agreement with the myo-inositol phosphate products generated
from phytate by both bifidobacterial strains and their purified
enzymes, which showed accumulation of InsP3, which was not
further hydrolyzed to lower myo-inositol phosphates.26−28 The
different profile of lower myo-inositol phosphates generated by
distinct phytases may have important health implications, as
many biological functions have been linked to myo-inositol
phosphates.40,41 For example, it has been suggested that some
InsP3 isomers, especially the 1,2,3-InsP3 isomer, play a role in
iron chelation as an intracellular iron transport agent and/or
cellular antioxidant.42 Therefore, dephytinization could not
only positively affect human health by increasing the
bioavailability of minerals but also as a result of synthesis of
potentially bioactive inositol-phosphates.

Effect of Dephytinization on Mineral Availability. We
investigated how phytase treatment influenced mineral
availability by measuring iron, calcium, and zinc solubility and
dialyzability after the samples were subject to a treatment
mimicking gastrointestinal conditions in infants. Phytase
addition to MC infant flour did not increase significantly the
solubility of iron and calcium (Figure 3). However, concerning
the effects of dephytinization on zinc solubility, this was
increased by 25−30%, showing no significant differences
between phytases (Figure 3). In general, dephytinization did
not affect mineral dialyzability. For calcium and zinc, the values
ranged from 4.6 to 10.4%, whereas iron dialyzability reached
values up to 0.7%. The poor dialyzability percentage observed
for iron could probably be explained by the source of
enrichment used, elemental iron.43 These results are in
agreement with other researches, which evidenced no improve-
ment of iron, calcium, and zinc dialyzability by commercial
phytase addition to different food matrices.19,44 However,
recent research demonstrated that fermentation of whole wheat
bread with phytase-producing bifidobacteria increased iron
dialyzability, although this did not result in increased iron
uptake in a Caco-2 cells model.31 A similar situation was
reported for the dephytinization of fava bean flour, which
enhanced iron solubility.45

The marked inhibitory effect of small amounts of phytate
(≥0.135 μmol/g) on iron bioavailability in fortified bread
pretreated with phytases has been demonstrated.2 In this
regard, some critical values of the phytate/minerals molar ratios
have been defined. A phytate/Fe molar ratio >1 resulted in low
iron bioavailability, with preferable values situated below 0.4.46

Also, a phytate/Ca molar ratio >0.24 would impair calcium
bioavailability,47 whereas the zinc absorption could be less than

Figure 3. Effect of phytases on phytate hydrolysis and mineral
solubility. (A) MC sample. (B) GF sample.
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50% when the phytate/Zn molar ratio is >5 41or could be
affected by phytate × Ca/Zn molar ratio above 150−200.48 In
MC infant flours, dephytinization did not improve significantly
iron and calcium solubility. The InsP6/Ca or InsP6/Fe molar
ratios were below the critical threshold in control samples
(without phytase addition). This was due to the fortification
process, which increased calcium and iron concentrations.
Therefore, the hydrolysis of phytate would not have an effect
on these minerals if samples are fortified (Table 1). In different
cereal products (i.e., whole wheat breads), InsP6/Ca or InsP6/
Fe molar ratios follow the opposite tendency, evidencing a deep
inhibition of mineral availability.30 In the case of zinc, the
phytate/Zn molar ratio of control sample (6.1) was found
higher than 5, which would compromise mineral availability.
The addition of phytases to the infant cereal process reduced
both the phytate/Zn and the phytate × Ca/Zn molar ratios
below 5 and 150, respectively, which would have a positive
impact on zinc bioavailability.
Similar to MC samples, the treatment of GF cereal samples

with either commercial phytase or phytases from bifidobacteria
did not result in higher calcium or iron solubility with respect
to control samples (Figure 3). Nevertheless, the solubility of
zinc was significantly increased by 17 and 21% with the
addition of phytases from B. longum spp. infantis and B.
pseudocatenulatum, respectively. Regarding the dialyzability, no
significant differences were observed among samples. Whereas
dialyzability did not exceed 1% for iron, the values were found
between 4.0 and 5.4% for zinc and from 9.1 to 11.1% for
calcium. The InsP6/Ca or InsP6/Fe ratios were below the
critical values, which would not compromise mineral availability
(Table 2). As in the MC samples, an improvement in
solubility/dialyzability of iron and calcium by addition of
phytase was not observed. However, phytase treatment reduced
phytate/Zn and phytate × Ca/Zn molar ratios from 6.1 to 0.9
and from 300 to 45, respectively, indicating an enhancement on
mineral availability (Table 2). The increase in zinc solubility
percentages after phytase treatment obtained here was higher
that those reported for other infant cereal mixes after a fungal
phytase treatment.7 However, in that assay, the type of sample
reconstitution (water or follow-on milk formula) was the main
factor affecting mineral availability. Also, and as previously
reported,7 solubility did not follow the same trend as
dializability, probably due to the complexation of minerals
with high molecular weight components above the molecular
weight cut off of the utilized dialysis membranes (12000 Da).
In summary, this is the first time that purified bifidobacterial

phytases are included in a food production process. This
resulted in an efficient phytate hydrolysis during infant cereals
production, which rendered lower myo-inositol phosphate
products, which may possess specific functional roles.
Bifidobacterial phytase treatment increased zinc solubility,
although calcium and iron solubility did not change and
mineral dialyzability also remained unchanged. Bifidobacteria
are intestinal GRAS/QPS microorganisms with probiotic
characteristics. This research evidenced the possibilities of the
use of their phytases in products for human consumption. New
research is under way to test their efficacy in different phytate-
rich food products.
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